Background. Glioblastoma multiforme is the most common glioma in adults and carries a poor prognosis, due to tumor recurrence despite aggressive treatment. Such relapse has been attributed to the persistence of glioma stemlike cells (GSCs), a subpopulation of glioma cells with stem cell properties. Thus, targeting these cells will be critical to achieving meaningful improvement in glioblastoma multiforme survival. We investigated the role of b1-integrin signaling as one such potential target. Methods. We used GSCs isolated from primary human gliomas and maintained in stem cell conditions. We manipulated b1-integrin signaling using a self-assembling peptide amphiphile (PA) displaying the IKVAV (isoleucine-lysine-valine-alanine-valine) epitope as well as lentiviral overexpression, and we assayed the effects on downstream effectors and apoptosis using immunofluorescence. Results. We show that b1-integrin expression correlates with decreased survival in glioma patients and that b1-integrin is highly expressed by GSCs. The IKVAV PA potently increases immobilized b1-integrin at the GSC membrane, activating integrin-linked kinase while inhibiting focal adhesion kinase (FAK). The IKVAV PA induces striking apoptosis in GSCs via this FAK inhibition, which is enhanced in combination with inhibition of epidermal growth factor receptor (EGFR). Conversely, lentiviral overexpression of b1-integrin renders GSCs resistant to EGFR inhibition, which was overcome by FAK inhibition.
G lioblastoma multiforme (GBM) is the most common and most deadly adult glioma, with a median survival of just 15 months. 1 Tumors inevitably recur, implying that current treatments cannot eradicate the cells capable of tumor formation. Recent studies suggest that this population of cells shares many characteristics with neural stem cells (NSCs), earning the name glioma stemlike cells (GSCs). 2 GSCs have demonstrated resistance to a wide variety of chemotherapy drugs, 3 due in part to increased expression of both drug efflux pumps 4 and the DNA repair protein O 6 -methyl guanine methyl transferase. 5 GSCs also exhibit prominent resistance to ionizing radiation via augmented activation of the DNA damage checkpoint. 6 Thus, novel therapeutic approaches targeting GSCs directly will be critical to achieving meaningful improvement in GBM survival.
GSCs are dynamically regulated by the specialized perivascular microenvironment in which they reside: the GSC niche. GSCs are actively supported by factors secreted by adjacent tumor endothelial cells, 7 and this interaction contributes to the treatment resistance of GSCs. 8 In addition, the specialized architecture of extracellular matrix (ECM) present in the perivascular niche critically influences stem cell behavior. 9 Cellular adhesion to ECM molecules is largely mediated by the integrin family of cell surface receptors. 10 As such, the integrins have emerged as a promising new prospective target of GSC-directed therapeutics. We have previously used a self-assembling peptide amphiphile (PA) with an IKVAV (isoleucine-lysinevaline-alanine-valine) epitope (IKVAV PA) to create a surrogate ECM for NSCs, which potently altered their fate via interaction with laminin receptors including b1-integrin.
11
b1-integrin forms heterodimers with various a-integrin subunits to mediate binding to multiple different ECM molecules including laminin-1.
12 b1-integrin is a marker of mammary stem cells 13 and NSCs 14 and contributes to the maintenance of the stem cell compartment in these tissues. 15, 16 Most recently, a6b1-integrin has been identified as a functionally relevant receptor in GSCs, and interference with a6b1 binding to laminin drastically diminishes tumor formation, 17 highlighting the potential of GSC niche disruption as a therapeutic approach. b1-integrin has been implicated in tumor initiation and progression in breast and lung cancer, 18 where it is a negative prognostic factor. 19, 20 Importantly, b1-integrin contributes to chemotherapeutic and radiation resistance in these tumors, including resistance to inhibitors of epidermal growth factor receptor (EGFR). 21, 22 Here, we explored the role of b1-integrin signaling in GSC biology and demonstrate a novel nanotechnology that overcomes GSC resistance to EGFR inhibitors by modulating this signaling.
Materials and Methods

Glioma Stemlike Cell Isolation and Culture
GSCs were isolated from GBM primary surgical specimens in keeping with protocols approved by the Northwestern University Institutional Review Board and grown as spheres as previously described. 23 EGFR activity was inhibited in certain cultures using the EGFR kinase inhibitor PD153035 (Tocris) at 100 nM, while activity of focal adhesion kinase (FAK) was inhibited using PF537228 (Tocris) at 3 mm. Lipid rafts were disrupted using the cholesterol-depleting drug methyl-b-cyclodextrin at 10 mM (Sigma). GSC spheres were passaged by mechanical chopping every 7 -10 days. Cells were used at passage 12 or less for all experiments, and all experiments were carried out with 2 cell lines.
Cell plating in the different PAs was as previously described. 11 Briefly, cells in GSC media were mixed 1:1 with a 1 weight percent PA solution in sterile deionized water on glass coverslips to a final concentration of 2 × 10 5 cells/mL. The PA was allowed to gel at 378C for 2 h before GSC media was added to submerge the gel culture. For controls, the same cell suspension was mixed with scrambled (VVIAK) PA solution and treated as above.
Fluorescence In situ Hybridization
Fluorescence in situ hybridization (FISH) analysis of EGFR gene dosage was performed as previously described 24 using a probe targeting the EGFR locus and a probe for the centromeric region of chromosome 7 (Spectrum Orange dye and Spectrum Green dye, respectively; Abbott Molecular). Nuclei were counterstained with Hoechst 33342. Samples were imaged using an Axiovert 200 standard fluorescence microscope (Zeiss) and analyzed using Axiovision 4.5 software (Zeiss).
Immunocytochemistry
Cells were fixed in 4% paraformaldehyde (Sigma) in 1× phosphate buffered saline (PBS) for 20 min, washed 3 times in PBS, and incubated with primary antibodies overnight at 48C in 1× PBS containing 1% bovine serum albumin and 0.25% Triton X-100. Following 3 more PBS washes, cells were incubated with the appropriate secondary antibody (Molecular Probes, Invitrogen) at 1:500 in 1× PBS for 1 h at room temperature. Nuclei were counterstained with Hoechst dye (1:5000 in 1× PBS); coverslips were mounted using Prolong Gold antifade reagent (Invitrogen) and imaged on a Leica SP-5 confocal microscope. National Institutes of Health ImageJ software was used to quantify images. The following primary antibodies were used: microtubule associated protein 2 (mouse immunoglobulin [Ig]G1, 1:1000; Abcam), glial fibrillary acidic protein (GFAP; rabbit polyclonal, 1:1000; DakoCytomation), sox2 (rabbit polyclonal 1:500; Millipore), nestin (mouse IgG1, 1:500; BD Biosciences), b1-integrin (mouse IgG1, 1:500; Millipore), active conformations of b1-integrin, clone HUTS-4 (mouse IgG2b, 1:500; Millipore), cleaved caspase 3 (rabbit polyclonal, 1:1000; Cell Signaling), phospho-FAK Tyr397 (rabbit polyclonal, 1:500; Cell Signaling), and phospho-integrin linked kinase (ILK) Ser343 (rabbit polyclonal, 1:250; Abgent).
Protein Isolation, Immunoprecipitation, and Western Blotting
GSCs were lysed in M-PER protein extraction reagent (Pierce) with 1× Halt Protease + Phosphatase inhibitor cocktail (Thermo Scientific). For immunoprecipitation, a protein A immunoprecipitation kit was used per manufacturer's instructions (Roche). For Western blot analysis, samples were boiled for 10 min in strong denaturing conditions (nondenaturing conditions were used for samples probed with HUTS-4 antibody), and 5 mg of protein per sample was loaded on 4%-20% sodium dodecyl sulfate-polyacrylamide gels. Proteins were transferred onto polyvinylidene difluoride membranes at 48C for 1 h, which were then blocked in Tris-buffered saline with 0.05% Tween-20) with 5% nonfat dry milk for 1 h at room temperature. Primary antibodies were diluted in blocking solution and incubated with membranes overnight at 48C. After washing, membranes were incubated with the appropriate horseradish peroxidase-conjugated secondary antibodies (1:2000 in blocking solution; Santa Cruz Biotechnology) and developed using SuperSignal West Pico enhanced chemiluminescent reagent (Thermo Scientific). The following primary antibodies were used: b1-integrin (mouse IgG1, 1:1000; BD Biosciences), active conformations of b1-integrin, clone HUTS-4 (mouse IgG2b, 1:1000; Millipore), phospho-EGFR Tyr1068 and total EGFR (rabbit polyclonal, 1:1000; Cell Signaling), phospho-FAK Tyr397 and total FAK (rabbit polyclonal, 1:1000; Cell Signaling), and glyceraldehyde 3-phosphate dehydrogenase (mouse IgG, 1:5000; Millipore).
Flow Cytometry
GSCs were dissociated with Accutase, blocked in sterilefiltered 10% fetal bovine serum (FBS) in 1× PBS, and incubated with either CD133/2-allophycocyanin (APC) antibody or mouse IgG1-APC isotype control antibody (Miltenyi Biotec) in blocking solution on ice for 30 min. For b1-integrin staining, phycoerythrin (PE)-conjugated mouse anti-human CD29 or PE-conjugated mouse IgG1 k isotype control (BD Pharmingen) was used. For CD44 staining, APC-conjugated mouse anti-human CD44 or APC-conjugated mouse IgG2b k isotype control (BD Pharmingen) was used. Cells were subjected to flow cytometric analysis with a CyAn machine (Beckman Coulter).
RNA Extraction and Quantitative PCR
Total RNA from cultured cells was extracted using the RNAqueous-4PCR kit (Ambion), and cDNA was made using Thermoscript reverse transcriptase and oligo-dT primers (Invitrogen). Quantitative PCR was performed with SybrGreen master mix (Applied Biosystems) and a Realplex2 Mastercycler (Eppendorf) using the following cycling parameters: 958C, 15 s; 608C, 60 s for 40 cycles.
Lentivirus Production and Infection
b1-integrin cDNA (Open Biosystems) was cloned into the elongation factor 1a promoter-internal ribosome entry site 2-enhanced green fluoresecent protein (pEF1a-IRES2-EGFP) lentiviral vector, 25 generously provided by Linzhao Cheng, Johns Hopkins University. The same vector with no coding sequence cloned upstream of the IRES2 sequence was used as a control. Viral production was as previously described 26 using a cytomegalovirus promoter-vesicular stomatitis virus G protein envelope and pPAX2 (gag-pol) packaging plasmids. Seventy-two hours after infection, GSCs were subjected to fluorescence-activated cell sorting (FACS) for green fluorescent protein (GFP) using a MoFlo machine (Beckman Coulter).
Mouse Intracranial Xenografts
Six-to eight-week-old NOD-SCID-IL2Rg -/2 mice were obtained from The Jackson Laboratory and subsequently bred in the barrier animal facility at Northwestern University. All animal procedures adhered to Public Health Service Policy on Humane Care and Use of Laboratory Animals. Mice were injected with 1 × 10 5 GSCs in 2 mL of media in the right striatum as previously described. 27 Mice were monitored daily for up to 6 months for the development of symptoms. Tumor formation was assayed by hematoxylin and eosin staining of frozen sections.
Statistical Analysis
For immunofluorescence experiments, at least 200 cells per condition were counted. All experiments were performed independently 2 -3 times and significance was assessed by 2-way ANOVA. Log-rank analysis was performed for survival data. P , .05 was considered significant.
Results
GSCs Express High Levels of b1-Integrin, a Negative Prognostic Marker in Gliomas
While b1-integrin is known to be overexpressed in gliomas, 28 the relationship between this overexpression and patient survival has not yet been evaluated. We analyzed the Repository for Molecular Brain Neoplasia Data and found that glioma patients with a modest 2-fold upregulation of b1-integrin had significantly shorter survival compared with other patients (Fig. 1A ). This survival effect appeared to be dose dependent, as patients with 3-fold upregulation of b1-integrin displayed even shorter overall survival (Fig. 1A) . Conversely, no such difference in survival was seen with a5-integrin or a6-integrin expression (data not shown), demonstrating the specificity of the b1-integrin survival effect. Thus b1-integrin confers poor prognosis in glioma, suggesting that cells expressing b1-integrin may contribute to tumor progression and recurrence. As GSCs are thought to be critical to these phenomena, we investigated the expression of b1-integrin in GSCs.
GSCs were derived from human glioma surgical specimens using a modified neurosphere assay, as previously described. 23 We verified that these cells were capable of self-renewal through serial passaging and that they expressed markers of NSCs, such as nestin, sox2, and CD133 ( Supplementary Fig. S1A, B) . They showed multilineage differentiation ( Supplementary Fig. S1C ) and gave rise to gliomas when injected intracranially into immunocompromised mice, demonstrating invasive growth ( Supplementary Fig. S1D ), microvascular proliferation ( Supplementary Fig. S1E ), and pseudopalisading necrosis ( Supplementary Fig. S1F ). We analyzed integrin subunit expression in a panel of GSCs using quantitative PCR. GSCs demonstrated expression of several a-integrin subunits, including a6, confirming previous reports. 17 Importantly, b1-integrin was the only b-integrin subunit detectable, demonstrating high expression in all GSCs assayed (Fig. 1B) . We confirmed b1-integrin protein expression by immunofluorescence, with GSCs displaying prominent membranous localization of b1-integrin (Fig. 1B, inset) . As CD133 + glioma cells may be enriched for GSCs, 27 we examined b1-integrin expression in the subset of CD133 + GSCs by flow cytometry. Virtually every CD133
+ GSC also expressed b1-integrin (99.53% + 0.38% CD133 + b1 + vs 0.47% + 0.38% CD133 + b1 -; Fig. 1C ). Similarly, b1-integrin was expressed by almost every CD44 + GSC (97.48% + 0.03% CD44 + b1 + vs 2.52% + 0.03% CD44 + b1 -; Fig. 1D ), another putative GSC marker. 29 Thus, b1-integrin is strongly expressed by GSCs and is the only b-integrin subunit detected, implying that it mediates the majority of, if not all, integrin signaling in these cells. 
The IKVAV PA Modulates b1-Integrin in GSCs
We have previously shown that a self-assembling PA displaying the IKVAV sequence potently alters NSC biology, 11 and this bioactivity is likely mediated by interaction with laminin receptors that include b1-integrin. 30 We thus explored the effect of the IKVAV PA on GSCs, with a focus on b1-integrin expression. GSCs were cultured in either the IKVAV PA (Fig. 2A) or a scrambled control (VVIAK PA) that has the same chemical properties but lacks bioactivity due to the arrangement of the amino acids in its epitope. 31 GSCs encapsulated in the IKVAV PA exhibited strong membranous expression of b1-integrin (Fig. 2B) . By contrast, b1-integrin was barely detectable in GSCs grown in the scrambled PA when using the same confocal settings. To determine whether the IKVAV PA could activate b1-integrin, we performed immunofluorescence using an antibody specific for activated conformations of b1-integrin (HUTS-4). 32 GSCs grown in the IKVAV PA demonstrated a striking increase in HUTS-4 immunoreactivity (Fig. 2C) . We quantified this increase in activated b1-integrin by Western blot and found that it was over 100-fold higher than levels in the scrambled PA (Fig. 2D) . Thus, the IKVAV PA is able to potently upregulate and activate b1-integrin at the GSC membrane.
The IKVAV PA Activates ILK but Inhibits FAK, Possibly via Impaired Lipid Raft Trafficking
We next sought to determine whether the IKVAV PA was capable of activating the 2 main downstream effectors of b1-integrin signaling, ILK and FAK. We performed immunofluorescence for activated ILK on GSCs cultured in the IKVAV PA or scrambled PA. The (Fig. 3B) . To quantify this difference, we immunoprecipitated total FAK protein from GSCs in the IKVAV or scrambled PA, followed by Western blotting for pFAK Y397 . This confirmed our immunofluorescence findings, as GSCs in the IKVAV PA demonstrated a 66% decrease in pFAK levels as normalized to total FAK (Fig. 3C) . Thus, the IKVAV PA is a potent inhibitor of FAK activation.
Such differential regulation of downstream b1-integrin signaling has been observed in other contexts. For example, FAK signaling is inhibited when trafficking into lipid rafts is impaired, 33 whereas ILK signaling is regulated conversely. 34 To determine whether disruption of lipid rafts in GSCs mimics the effects of the IKVAV PA, we treated cells with the cholesteroldepleting drug methyl-b-cyclodextrin. This lipid raft disruption resulted in a similar increase in pILK S343 ( Supplementary Fig. S2A ) with a concomitant decrease in pFAK Y397 (Supplementary Fig. S2B) . Thus, the effect of lipid raft disruption mirrors the effect of the IKVAV PA on b1-integrin signaling, suggesting impaired localization of b1-integrin to lipid rafts as a potential mechanism underlying the bioactivity of the IKVAV PA (Fig. 4) . 
The IKVAV PA Sensitizes GSCs to EGFR Inhibition via Inhibition of FAK
We next explored the biological effect of the IKVAV PA on GSCs. As b1-integrin interacts with the EGFR pathway and confers resistance to EGFR inhibitors in breast cancer, 21, 35 we examined the effect of the IKVAV PA in combination with an EGFR kinase inhibitor. Such inhibitors are a focus of clinical trials in GBM, as the EGFR gene on chromosome 7 is commonly amplified in these tumors. Thus, we first determined whether the EGFR gene was amplified in a panel of GSC lines using FISH. GSCs fell into 3 categories: chromosome 7 polyploidy, extrachromosomal amplification of EGFR, and normal chromosome 7 and EGFR (Fig. 6A) . Subsequent studies were performed with both EGFR amplified and EGFR normal GSCs to discern whether EGFR genetic status influenced responses to b1-integrin modulation and/or EGFR inhibition. We next established that 100 nM PD153035 36 was sufficient to inhibit EGFR autophosphorylation on Y1068 (pEGFR Y1068 ) in both EGFR amplified and EGFR normal GSCs (Fig. 6B) . Interestingly, EGFR autophosphorylation was present in EGFR amplified GSCs without epidermal growth factor in the media, suggesting that these cells have ligand-independent EGFR activation, which was nonetheless inhibited by the EGFR kinase inhibitor.
To investigate the biological effect of the IKVAV PA in this system, EGFR amplified GSCs were encapsulated in PA nanogels for 3 days and then treated with either 100 nM PD153035 or vehicle (dimethyl sulfoxide [DMSO]) for another 3 days. We used immunofluorescence for cleaved caspase 3 to assay apoptosis. GSCs in the scrambled PA exhibited a 2-fold increase in apoptosis when treated with the EGFR inhibitor (Fig. 5A , also Supplementary Fig. S3A ). The IKVAV PA alone induced an identical level of apoptosis without drug treatment, and in combination with the EGFR inhibitor significantly increased apoptosis almost 3-fold over baseline GSCs were plated in scrambled PA with DMSO (control) or FAK inhibitor, then treated with DMSO or EGFR inhibitor, and apoptosis was assayed by CC3 staining. Mean + SD for 2 experiments, P , .01 by 2-way ANOVA vs *3 or **2 conditions. Performed in GSC 59 and GSC 46.
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NEURO-ONCOLOGY † M A R C H 2 0 1 3 325 levels (Fig. 5A , also Supplementary Fig. S3A ). This powerful induction of apoptosis was independent of EGFR status, as a comparable effect was observed in EGFR normal GSCs (Fig. 6C) . Thus, the ability of the IKVAV PA to trigger apoptosis in GSCs, as well as to enhance sensitivity to EGFR inhibition, is not influenced by EGFR status.
FAK is critical for the integration of EGFR and b1-integrin signaling in other systems, 37 suggesting that the potent inhibition of FAK by the IKVAV PA may mediate its effects on survival. To investigate this possibility, we used an alternative means of inhibiting FAK, the selective kinase inhibitor PF573228. 38 First, we established that 3 mM PF573228 was sufficient to inhibit FAK autophosphorylation on Y397 (pFAK Y397 ) by .90% in GSCs (Supplementary Fig. S3B ). We then plated GSCs in the scrambled PA and treated them with either 3 mM PF573228 or vehicle (DMSO). After 3 days, cells were treated with either 100 nM PD153035 or vehicle (DMSO). Levels of apoptosis were assessed 3 days later by immunofluorescence for cleaved caspase 3. EGFR inhibition alone increased apoptosis 1.7-fold (Fig. 5B) . FAK inhibitor alone also increased apoptosis about 1.7-fold, but in combination with the EGFR inhibitor was able to augment levels of apoptosis to almost 4-fold the basal level (Fig. 5B) . Thus, FAK inhibition with a small molecule mimics the effects of the IKVAV PA, strongly suggesting such inhibition as the mechanism of action of the IKVAV PA.
b1-Integrin Blocks the Effects of EGFR Inhibition in GSCs via FAK Activation
We next used lentiviral vectors to overexpress b1-integrin. EGFR amplified GSCs were infected with either pEF-EGFP (control) or pEF-b1-IRES2-EGFP lentivirus. After 3 days, GSCs were sorted for GFP by FACS, and b1-integrin levels were assessed. pEF-b1-IRES2-eGFP elevated b1-integrin levels more than 3-fold (Fig. 7A) . To determine the effect of EGFR inhibition in the context of lentivirally mediated b1-integrin overexpression, GSCs were infected and FACS performed as above, then GSCs were plated in EGFR inhibitor and assayed for apoptosis. GSCs infected with control virus showed a robust 2-fold increase in apoptosis when treated with the EGFR inhibitor, almost identical to that observed in the scrambled PA (Fig. 7B) . Overexpression of b1-integrin alone did not change the level of apoptosis, but GSCs overexpressing b1-integrin showed no change in apoptosis when treated with the EGFR inhibitor (Fig. 7B) , indicating that b1-integrin overexpression completely abrogated the effects of EGFR inhibition in GSCs. This is consistent with previous studies showing b1-integrin overexpression as a clinically relevant mechanism for protecting breast cancer cells from inhibition of the effects of human epidermal growth factor receptor 2, an EGFR family member. 21 This effect was also observed in EGFR normal GSCs (Fig. 6D) . Thus, increased b1-integrin blocked the effect of EGFR inhibition independently of EGFR status. This is in keeping with our finding that the effect of the IKVAV PA is identical in EGFR amplified and EGFR normal GSCs. As FAK was central to the effect of the IKVAV PA, we examined the effect of FAK inhibition in GSCs overexpressing b1-integrin. We treated lentivirally infected GSCs with 3 mM PF573228 to inhibit FAK and assayed for apoptosis 3 days later. The FAK inhibitor increased apoptosis of GSCs infected with control virus nearly 2-fold (Fig. 7C) . Importantly, GSCs overexpressing b1-integrin showed the same degree of apoptosis induction with FAK inhibition (Fig. 7C) . Thus, b1-integrin upregulation can be overcome by inhibition of FAK activation. Given these results, we investigated the effect of combined inhibition of EGFR and FAK in GSCs. Such joint inhibition yielded a .3-fold increase in apoptotic cells in both control and b1-integrin -overexpressing GSCs (Fig. 7D) . Therefore, FAK inhibition renders even GSCs with upregulated b1-integrin sensitive to EGFR inhibition.
Discussion
EGFR activation is a hallmark of GBM, yet smallmolecule inhibitors of EGFR have yielded disappointing results in clinical trials. 39 This suggests that tumorpromoting cells such as GSCs may be resistant to these treatments. We reveal FAK activation by b1-integrin as a mechanism underlying resistance to EGFR inhibition in GSCs and demonstrate that combined inhibition of FAK and EGFR overcomes this resistance. This work highlights the significant role of the GSC niche in treatment resistance. b1-integrin also promotes resistance to EGFR family inhibitors in breast and lung cancer, 21, 22 and FAK has very recently been implicated as a key mediator in this process. 35 Interestingly, b1-integrin signaling can directly activate EGFR in a ligand-independent manner, 40 and abrogating this interaction renders lung cancer cells more sensitive to EGFR inhibition. 41 Our work also reveals a previously unexplored role for lipid rafts in shaping GSC signaling. Lipid rafts have been characterized as signaling hubs in the cell membrane, facilitating interactions between key regulatory molecules in multiple signaling pathways. 42 Such facilitation is critical to the development and maintenance of NSCs. 43 In this work, the huge density of IKVAV epitope on the IKVAV PA seems to immobilize b1-integrin at the cell surface, likely disrupting b1-integrin recruitment to lipid rafts. This inhibits FAK activation 33 but promotes ILK activation, 34 with profound consequences on GSC survival (Fig. 4) . Lipid raft localization of EGFR promotes resistance to EGFR inhibitors in breast cancer, and disruption of this localization sensitizes cells to EGFR inhibition, 44 similarly to our results with the IKVAV PA. Further characterization of lipid rafts in GSCs may yield additional targets for combating treatment resistance.
Previous studies of integrin signaling in GSCs demonstrated drastically diminished tumor formation when a6-integrin signaling was blocked but did not identify the downstream signaling proteins responsible. 17 By identifying FAK as the crucial molecular mediator of integrin signaling in GSCs, our work highlights FAK as a promising therapeutic target in glioma. FAK activation has been validated as an independent negative prognostic factor in glioma, 45 and FAK inhibition sensitizes tumors to chemotherapy in other systems, 46 further validating it as a target for combination therapy in glioma. FAK also plays critical roles in cancer cell invasion 47 and radioresistance, 48 suggesting that FAK inhibition may also inhibit these phenomena in glioma. One FAK inhibitor has recently completed a phase I trial with promising indications of disease control, 49 but further studies involving glioma patients would be required to assess efficacy in this setting.
Our work also introduces the IKVAV PA, and more broadly peptide amphiphile nanotechnology, 50 as a novel tool in the study and treatment of gliomas. Given the demonstrated importance of niche interactions in GSC regulation, the ability of PAs to generate a surrogate ECM is of obvious relevance to glioma biology. In addition, these unique molecules remain in aqueous solution until they self-assemble into nanofibers in physiologic cation concentrations, allowing for easy administration at the tumor site. The IKVAV PA can be safely and easily injected into the CNS in vivo, where it self-assembles and facilitates recovery in a mouse model of spinal cord injury. 51 Thus, it is likely that the IKVAV PA would maintain the biological activity demonstrated here in vivo, even in a diverse cellular environment that included non-GSCs. Finally, PA nanotechnology is infinitely tunable. In addition to intrinsic bioactivity as explored in this work, it can be combined with enzyme cleavage sites and small-molecule inhibitors for controlled drug release and combination therapy. 52 Overall, our findings reveal b1-integrin signaling through FAK as a targetable mechanism of GSC resistance to EGFR inhibitors and highlight the IKVAV PA as an innovative technology for translating this discovery to the clinic.
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